Introduction
Determining the concentrations of free hydronium ion (simply denoted as H + ) of a sample is one of the most important tasks ever performed in analytical chemistry. Ion-selective electrode pH meters are used in widespread applications for this purpose. However, they are susceptible to instabilities from a number of sources. Thus, despite frequent re-calibration, their accuracy is limited to be approximately 2 -10% of the concentration of H + . 1 Acid/base volumetric titration is another alternative, which can be used to specify both the free H + and the total acidity (TA) of a sample. This method was used to confirm results obtained using ion-selective electrode pH meter and has remained essentially unchanged for more than a century. However, with this method it is difficult to compare samples containing similar H + ions or TA.
The ion chromatographic (IC) approach, i.e., to initially separate free H + ions from other ions based on cation-exchange and then to detect the isolated H + ions using conductivity [2] [3] [4] has been a possible solution to the low-accuracy difficulty of the traditional methods. In the IC systems developed in previous studies, 2-4 sulfonated cation-exchangers have been the entire IC stationary phase. As is well known, all kinds of sulfonated cation-exchangers contain a small amount of weakly acidic anionic groups (carboxylated groups, for example). 2 This small amount of the so-called impurity of the sulfonated cationexchange materials has been found to have greatly adverse effects on the separation/detection of H + ions. Weakly acidic functional groups can be blocked from the separation procedure by always maintaining a sufficiently large amount of H + ions in the eluent. 2, 4 However, this has limited the meaningful IC data to only strongly acidic samples.
The aim of this study was to establish a new IC system, with which the total acidity of even weakly acidic samples can be measured.
As demonstrated experimentally, by using a carboxylated cation-exchange resin as the stationary phase and an aqueous K2HPO4 solution as the mobile phase, acids with the last pKa smaller than 4.3 could be analyzed by ion chromatography to measure the value of the total acidity.
Experimental

Apparatus
The HPLC system used in this study was a Shimadzu-LC-10 AT system, consisting of an LC-10AT (Shimadzu, Kyoto, Japan) pump, a CTO-10A (Shimadzu) column oven (the temperature was set at 30˚C during the analysis), a SIL 10A auto-injector (injectable range, 5 -400 µL), a CDD-6A (Shimadzu) conductivity detector, and a CR-6A Chromatopac data system (Shimadzu).
The separation column used throughout this study was a TSKgel CM-5PW (75 × 7.5 mm i.d., Tosoh, Tokyo, Japan), which was packed with the carboxylated cation-exchange resin. The pH and the acidity of the samples were measured using a pH meter (Model F-22, Horiba Ltd., Kyoto, Japan) and an auto-titrator (ATU-501, TOA-DKK, Tokyo, Japan), respectively.
Reagents
The chemicals used to prepare the eluents and samples were of analytical reagent-grade chemicals purchased from Wako Chemicals (Osaka, Japan). Water used to prepare the samples and the mobile phase was obtained from the laboratory's autostill system (WG261, Yamato Scientific Co., Ltd., Tokyo, Japan).
Results and Discussion
Acidity determination
Four model samples obtained by dissolving non-evaporative acids (sulfuric acid, oxalic acid, tartaric acid, and ascorbic acid were chosen as the model acids) in deionized water were prepared and used to test the viability of the proposed IC system for the determination of the total acidity. Acidity determinations were achieved using an IC system where a TSKgel CM-5PW (75 × 7.5 mm i.d.) was used as the separation column and an aqueous solution containing 20.0 mM K2HPO4 was used as the eluent. A negative peak with a retention time of 18.2 min was observed for all of these model samples. Moreover, the area of this peak (denoted as acidity-peak) was found to be proportional to molar concentrations of the model acid in the samples. Calibration curves obtained by plotting the molar concentration of the model acid in samples against the areas of the acidity-peak are shown in Fig. 1 . As can be seen from Fig. 1 , for sulfuric acid, oxalic acid and tartaric acid samples, the calibration curves were virtually identical. However, for ascorbic acid samples, the slope value of the calibration curve was half the value of that of the calibration curves of the other acid samples. The pKa values for these acids were pK2, 1.99 (sulfuric acid); pK1, 1.23, pK2, 4.19 (oxalic acid); pK1, 2.98, pK2, 4.34 (tartaric acid); and pK1, 4.10, and pK2, 11.79 (ascorbic acid), respectively. 5
The principles
The carboxylate groups in the column and both the K + and HPO4 2ions in the eluent made meaningful contributions to the determination of acidity. Four equilibria, as expressed in Eqs. 
Equation (1) illustrates the situation of the model acid (HnA) in the sample zone; Eq. (2) shows the procedure of the uptake of free H + ions (H + (l)) from the sample zone by the stationary phase, R-COO -. Here, R-COOH and RCOO --H + (s) illustrate the sample H + ions being retained by the stationary phase based on the protonation interaction and by the conventional cationexchange mechanism, respectively. Equation (3) shows the procedure for replacing H + (s) from the stationary phase by the eluent cation (K + (l)) based on cation-exchange; and Eq. (4) shows HPO4 2ions in the eluent active in receiving the H + ions released from the stationary phase, respectively. The degree of HnA dissociation, i.e., the equilibrium of Eq. (1), is strongly affected by Eq (2) . If the last pKa value for HnA were smaller than that for R-COOH (≈ 4.5), all of the protons of HnA could be transferred from HnA to R-COO -. The results shown in Fig.  1 provide experimental evidence to support this conclusion. It is noteworthy that such a kind of proton transportation caused by the formation of R-COOH (weakly acid) was not observed when the sulfonated type of column was used as the separation column for the determination of the acidity of oxalic acid and tartaric acid samples. 4 H + ions that bound to the stationary phase in the manner of cation-exchange, namely, in the RCOO --H + (s) form, were replaced by K + ions based on cation-exchange (Eq. (3) ). The H + ions released from the stationary phase were immediately received by HPO4 2-(pK2, 7.21; Eq. (4)). The produced H2PO4was identified by conductivity detection and was observed as a negative peak. Plots of log k′ vs. log[K2HPO4] were constructed by analyzing a sample containing 1.0 mM each of H2SO4 and NaCl using the K2HPO4 (10 -40 mM) eluents. Straight lines were observed; the slope values for the acidity peak and for the Na + peak were -1.09 and -1.01, respectively. These slope values indicate that the retention time for the acidity peak is governed chiefly by the cation-exchange procedure, namely, Eq.
(3). The acidity-peak appeared after the Na + peak; this again shows the fact that protons of R-COOH transferred to HPO4 2in eluent, which is not accomplished by a single step.
Analytical data
The resolution ability (the ability to measure difference of acidity of samples) of this IC system for acidity measurements was better than 20 µM in H + ion concentration (sample injection volume, 100 µL; S/N = 3). This was examined by analyzing standard H2SO4 solutions having differences in the concentration at the low-µM levels. Identical standard samples (0.10 mM, 0.50 mM, and 1.0 mM aqueous H2SO4 solutions) were analyzed twenty times under an identical HPLC condition. The RSD (relative standard deviations) of the retention time and peak areas were less than 1.1%. Small amounts of oxalic acid (0.11, 0.21, 0.52, and 1.01 mM) were added to a standard sample of 0.51 mM H2SO4 solution. Recoveries of added oxalic acid between 98.9% and 101.2% were obtained from these spiked samples.
NaCl was added to a standard sample of a 1.0 mM H2SO4 solution. These NaCl spiked samples were then analyzed by 1384 ANALYTICAL SCIENCES DECEMBER 2002, VOL. 18 Other HPLC conditions as Fig. 1 . The polarity of conductivity detection was negative (indirect detection).
this IC system. Salt added to the sample up to 100 mM showed no, or very little, influence on the acidity determination. Figure  2 shows two typical chromatograms for a 1.0 mM H2SO4 solution with and without containing NaCl, respectively. Finally, it is noted here that the acidity with this IC system was detected based on the indirect conductivity detection method, which limited the ultimate detection limit of this IC system to be 78 µM in H + ion concentration.
